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Plan

How to “see” jets In a soft background

antikt (R=0.6)

Valid for many backgrounds
s UE in pp (~ 1 GeV)
o pileup in pp (~ 10 GeV)
s UEIn AA (~ 100 GeV)
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(Hopefully) for everyone

» Standard method

o New hints

# comments for experts
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Central formula

One basic formula for background subtraction for a single  event

() _
Pijet = Ptjet — PbkgAjet

assumes that the background is uniform

3 things needed:
# Define a jet
# Define the area of a jet
» Obtain pyy,, the background p; density per unit area

[Cacciari, Salam, 07]
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(sub) _
Pijet = Ptjet — PbkgAjet

3 things needed:

» Define a jet

#» Define the area of a jet

# Obtain pyy,, the background p; density per unit area
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Jet definitions

HJ etS”

bunch of collimated particles = hard partons
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Jet definitions

HJ etS”

bunch of collimated particles = hard partons
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Jet definitions

“Jets” = bunch of collimated particles = hard partons

In practice: use a jet definition

jet
particles {p; } > jets {Jx}

definition

algorithm: the recipe (insufficient!)
definition: algorithm + params

Jet=hadron is too simplistic: NLO? What opening for “collimated”?
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Examples of jet definitions

#® Recombination: successively recombine the closest pair
. 2 2
dij = mm(ktg, kt,z;)(Ayz'Qj + A¢z2j)

Stop at distance R
s p = 1. k; algorithm (very close to QCD)

[Catani, Dokshitzer, Seymour, Webber, 93]
s p = 0: Cambridge/Aachen (C/A) algorithm (substructure studies)
[Dokshitzer, Leder, Moretti, Webber, 93]
s p = —1: anti-k; algorithm (the default at the LHC)
[Cacciari, Salam, GS, 08]

» Cone: = flow of energy in a cone (of fixed R) centred on the cone

centre: SISCone [Salam, GS, 07]

Finite perturbative cross-section: only consider infrared-and-collinear-safe algorithms
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Filtering

New suggestion #1

o cluster with

1.0) |

Cambridge/Aachen(R)

Cam/Aachen (R

p, [GeV]

a1

v,

.(
oy

(7
]

)
0

stoym

-p. 7



New suggestion #1: Filtering

s Cluster with
Cambridge/Aachen(R)

Hardest jet

s for each jet




New suggestion #1: Filtering

Cam/Aachen (R=0.5) |

o cluster with

Cambridge/Aachen(R)

s for each jet

» recluster with
Cambridge/Aachen(R/2)
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s Cluster with
Cambridge/Aachen(R)
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» keep the 2 hardest subjets




New suggestion #1: Filtering

s cCluster with
Cambridge/Aachen(R)

Filtered

s for each jet

» recluster with
Cambridge/Aachen(R/2)

» keep the 2 hardest subjets

ldea:

2 v’ keep perturb. radiation
y v remove UE

s Proven useful for boosted jet H — bb tagging

[J.Butterworth, A.Davison, M.Rubin, G.Salam, 08]
o Proven useful for kinematic reconstructions

[M.Cacciari, J.Rojo, G.Salam, GS, 08]



(sub) _
Pijet = Prjet — PbkgAjet

3 things needed:
#» Define a jet

» Define the area of a jet

# Obtain pyy,, the background p; density per unit area
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Area definitions

[M.Cacciari, G.Salam, GS, 08]

Area = region where the jet catches soft particles

# Recipe: add a dense coverage of infinitely soft particles (ghosts )

(active) area = region where a jet catches the ghosts

# Idea: ghost ~ background particle
=- area where catching ghost = area where catching background

o Advantages:

o

o

generic/universal definition (e.g. independent of a calorimeter)
allow for analytic computations

® Notes for experts:

o

o

o

put ghosts up to at least yjct, max + I

preferably use a “4-vector” definition of the area (sum ghost 4-momenta)
require an IRC-safe algorithm!

alternative: passive area (equivalent for large multiplicities)

Better handling with active_area_explicit_ghosts
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(sub)
Priet = Prjet — Pbkgjet

3 things needed:
» Define a jet
» Define the area of a jet

o Obtain py,, the background p; density per unit area
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Example: pp, from jets

Recipe for estimating ppi,:

o Cluster with £, of C/A with “radius” R,

o Estimate ppy, USINg

Prke = Mmedian
jEjets

{pt

»J

A;

)

® Notes for experts

Pt,jet / Areajet

35
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T
median

» Other algorithms produce unwanted jets with small area

s Typically, R, between 0.3 and 0.6 is OK (I'll take 0.5)
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New suggestion #2: Use a local range

Fluctuating background (e.g. rapidity dependence) — local range

o Global Circular(A) -
' Piig (1) =
] P4
0 0 — median J
~Ymax Ymax j/ER(]) A]/
. Doughnut(9,A) .
Also:
e exclude the n (typically 2)
hardest jets in the event

Yiet —A  Yjer +A
Notes for experts:
® Limited acceptance = local range
#® Put ghosts at least up t0 |yjet, max| + A + R...

® ... butfor limited acceptance: put ghosts over the acceptance and keep all jets (tbc)
-p.12



Subtraction uncertainties

» Background fluctuations: (inside an event!)

hard
Ptjet = Priet T PbkgAjet £ Tbkgr/ Ajet
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Subtraction uncertainties

s Background fluctuations: (inside an event!)

hard
DPt.jet = Pt jet + pbkgAjet + Obkg Ajet

o Back-reaction:

No background With background
b ° « ® ® ‘.'.". e o

° o :'-:.:: S, e %0 1|":

* ¢ ¢ * g .IlI:I~ 3...‘." ..
e o *° I
« (o o :'-":’:.’.:-'.
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d e o /o ®%®* e e
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Subtraction efficiency:
what precision may we hope for?

[Cacciarl, Rojo, Salam, GS, 1010.1759]



Framework for study

Hard (Pythia) event ... embedded in AA (Hydjet) event

pleeV hardjets | plGevl e -

full jets |

] El A —
1203 N e 1204 e

100{ ............................................................. 100{ .....................................

» Get the jets and apply subtraction in both cases (R = 0.4)

test different algs. and p-estimation ranges

-p.15



Framework for study

Hard (Pythia) event ... embedded in AA (Hydjet) event

e I hardjets | plGevi T

full jets |

1403°

_____________________________ L 140 Bl TR
120{ ................................................................... 120{ ..........................................................................

1004 T W e N 100N W e T e N

» Get the jets and apply subtraction in both cases (R = 0.4)
» Match the 2 hardest jets

at least 50% of the hard contents recovered after embedding

Efficiencies > 95%
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Framework for study

Hard (Pythia) event ... embedded in AA (Hydjet) event

hard jets |

full jets |

o g LA0Pre T
1204 e B N I
1004 e | s00g T
g0 TN g . HE N
I I B S oo
s JO
201 0t
0L
6

» Get the jets and apply subtraction in both cases (R = 0.4)

» Match the 2 hardest jets

AA,sub

. e ,sub
» Subtraction quality: Ap; = p; Py

s Study (Ap;) and oap,
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Framework for study

Hard (Pythia) event ... embedded in AA (Hydjet) event

S I hard jets | pleeM full jets |
140_ ............................................................... 140-F ___________________________________________________________
R T 120 W
100N e 1004 e D
80; ....................................................................................................... L 80; .....................................................
el et 60; ..................................
40 W T 4o
203 205

0L

» Get the jets and apply subtraction in both cases (R = 0.4)

» Match the 2 hardest jets

s Subtraction quality: Ap; = pfA,sub _ pfp,sub

s Study (Ap;) and oap,
» Used: Pythia(v6.4), Hydjet(vi.6) + PyQuen(vi.5) + FastJet(v2.4.2)
Cross-check: Q-Pythia, Hydjet++
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Effect of choosing a local range

Number of jets in a range

range area | njets
Circ(2R) 47R? | 4.5
Circ(3R) orR2 | 10
Donut(R,2R) | 37R2 | 3.5
Donut(R,3R) | 87R? | 9
Strip(2R) 47T R 11

(R=0.4,R, = 0.5)

(Apy)

6

— T T T T T T T
—+— Global LHC, unquenched
Global, 2 excl
- —=— Circ(3R), 2 excl ly|<2.4, 0-10% central _|
—e— Doughnut(R,3R)  anti-k,, R=0.4
Strip(2R), 2 excl
. —— Strip(3R), 2 excl 4
——
_+_—+—
— _+__+__+_ —
v v —
:t::t:::ﬂz_*_' Y ————
I o °_._—-—:|:=l='++_‘_—'-":
—a———— Bl oy SN
_._
L | M R | |
40 60 100 200 500
Pt hard

» rule of thumb: at least 8 jets needed to estimate p

» global range: OK with limited accept., worsen for larger

» different ranges — estimate of the uncertainty

Note for experts: Analytic estimate show that at least 8 jets
= less than 10% of oa,, due to p misestimation
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Differences between algorithms

» Average shift; preference for anti-k; and C/A+filtt

9 — : : .
<Apt> LHC, 0-10% central ki —+—
6 - CIA —— _
ly|<2.4, R=0.4, unquenched anti-k, —e
3k CIA(ilt)

Doughnut(R,3R) range —
_12 1 | 1 1 1 | | 1 1
40 60 100 200 500
Pt hard

1-2 GeV precision for a contamination of ~ 150 GeV!

Notes for experts:
s CJ/A & k.. offset due to back-reaction

s (*) C/A+filt: watch out; cancellation between back-reaction and filtering bias
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Differences between algorithms

» Average shift: preference for anti-k; and C/A+filt

(Ap,dGeV]

o

o

-12

(Apy)

—
LHC, 0-10% central

[ |y|<2.4, R=0.4, unquenched

——————— o

e ————— ===

© & d o w o ©

Doughnut(R,3R) range
) ] ) P

.‘.-.'--.Q-.—...—"._.. ......... —

K, ——
C/IA —— |
anti-k;, —e—

CIA(filt)

—— e

60 100

pt,hard [GeV]

40

200

Back-reaction [GeV]

© & o w o ©

-12

Back-reaction

— 1 ]
LHC, 0-10% central

[ |y|<2.4, R=0.4, unquenched

e
—r—
+—|——|—_|_

K, ——
C/IA —— |
anti-k;, —e—

CIA(filt)

60 100
pt,hard [GeV]

200

diff. between k;, C/A and anti-k; from back-reaction

(fortuitous) cancellation with a filtering bias for C/A(filt)
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Differences between algorithms

» Average shift: preference for anti-k; and C/A+filt

» Dispersion: preference for C/A+filtering

OA
bt
35 ! | ! ! ! | | T
—+— ki —
30 f —»— C/A _ =]
—e— anti-k; Y e
25 |- CIA(ilt) —_— =
R
o B ———=C
20 ++**__):__++r -
_._.**‘—*“—.' _‘__.._
15 ¢+ -‘—-‘_-‘_—A— |
10 ——" " LHC, 0-10% central —
Doughnut(R,3R) range
> T unquenched, |y|<2.4, R=0.4
0 1 | 1 1 1 | | 1
40 60 100 200 500
Pt hard
o1 (C/A+1flt) | 1 _(C/A)
AC/A—I—ﬁlt ~ §AC/A — O-Apt ~ ﬁO'Apt
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Differences between algorithms

» Average shift: preference for anti-k; and C/A+filt
» Dispersion: preference for C/A+filtering
#® Same conclusions for the RHIC
4 | | | | | | | 8 | | | | | | |
<Apt> 3 L RHIC, 0-10% central Clﬁ —— O-Apt — e
> | lyl<1, R=0.4, unquenched ant'_‘kt — | —— T
C/A(filt) 7k Y e ]
ir N R R B = K, ———
P T —— = CIA —s—
6 F—— anti-k;, —e— _
1 —e— o I CIA(ilt)
2k i ) i i o RHIC, 0-10% central
3L 1 5 | Doughnut(R,3R) range _|
-4 - Doughnut(R,3R) range . | . N — A unqL;enched, |y|<]:, R=0.4
© 10 15 20 25 30 35 40 45 50 ‘ 10 15 20 25 30 35 40 45 50
Pt hard Pt hard

# No subtraction bias due to quenching (at most a 2% effect at the LHC)

# Valid for non-central collisions (smaller background but v2)

(with a residual ¢ dependence!)
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Example: inclusive jet cross-section

Original hard spectrum:

doPP

dpy

In the background, after subtraction

d O.AA,sub doPP
dpt B dpt
dO-Pp
B dpy

:)\0'06

—Ap¢

exp ()\ (Aps) +

® Gaussian((Ap:) , 0Ap, )

)\QUQA,pt
2

In practice, we have \ ~ 0.3 GeV~! for RHIC, 0.05 for the LHC

RHIC LHC
dO'AA’Sub d . dO'AA’Sub d .
R=04 <Apt> OAp; dgpp/d;gtp <Apt> OApy do‘pp/d]/)tp
anti-k; 0 7.5 12 0 18 1.5
C/A+It 0 4.8 3 0 13 1.2
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Summary

» The recipe: pfjﬁ’) = Dt.jet — PbkgAjet
» Define a jet: use an IRC-safe one
» Define the area of a jet: ghost-based active area
s Obtain pyke, the background p; density per unit area: median
of {pr;/A;}
#» New hints:
1. Use filtering: reduce sensitivity to background (smaller oa,)
2. Use local ranges:
handle non-uniform backgrounds (+ estimate subtraction error)
» Efficiency:
» Atleast =~ 8 jets in a local range
s anti-k; and C/A+Hfilt give (Ap,) = 0 ( (Apy) /pe < 1%)
s C/A+filt has reduced o), (helps unfolding espacially at RHIC)
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Further investigation
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Centrality dependence

(Apy)
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l_
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| | | |
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|
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10-20% —¢— -
20-40% —eo—
40-75% ——

anti-k;, Doughnut(R,3R)
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15 20 25 30 35 40 45 50

| | | |
C/A(filt), Doughnut(R,3R) i

15 20 25 30 35 40 45 50

| | | |
C/A(filt), Strip(2R), excl.2 _

15 20 25 30 35 40 45 50

Pt hard

O Apy
10 ! T T T T T T
solid: anti-k; 0-10% —i— 20-40% —e
8 dashed: C/A(filt) 10-20% —»— 40-75% ——
/ —+ L t 4\|_
6 | ¥ 3¢ —- 3% *—y _
e e PSR
4 VU e--n- Ko mmmnn Wewmmnn % -
@----"" , ............. ’ ...... ,
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RHIC, unquenched, |y|<1, R=0.4, Doughnut(R,3R)
0 1 I 1 1 1 1 1

10 15 20 25 30 35 40 45 50

Pt hard

» <Apt> ~ ()

s opp, dECreases

with centrality
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Centrality dependence (2)

Look at (Ap;) as a function of ¢ (wrt. reaction plane)
<Apt> —— <Apt> R

| . | . . r .

4 L RHIC, 0-10% central ~ Doughnut(R,3R) —e— | 4 L RHIC, 0-10% central anti-k, —e— |
Strip(2R), 2 excl C/IA —x—

ly|<1, unquenched Global —+— ly|<1, unquenched CIA(filt) ——

- R=0.4 30<p,<35 GeV ]| -4 I Doughnut(R,3R), R=0.4
L | L L | L L | L

30<p,<35 GeV ]|
] ] ) ] )

0 V2 T 312 21 0 V2 T 312 21

¢t,ha'r'd ¢t,hard

» the Doughnut range has less variations
(less ¢ averaging!)

» C/A+filt has less variations
(reduced area/dispersion)
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Fakes

Issue: background fluctuations may “mimic” a hard jet
without a “real hard origin”

s separation hard/soft is unclear/model-dependent
s there is a large number of semi-hard jets

= the question is more: “if we observe a jet with a
given reconstructed p;, Is the original semi-hard jet
softish or close to p;?”

s Inclusive spectrum: fakes — unfolding
s EXxclusive (e.g. Dijets): hard-soft separation clearer
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Fakes — origin (RHIC)

s HYDJET: HYDRO + many semi-hard pp event
» take each of the of the full (subtracted) jets

s find the corresponding semi-hard pp jet

1/N dN/dpP [GeVv™]

0-3 I T I T 0.25 I T I T 0.1 I T I
0.25 anti-k;_| anti-k, anti-k,
- AA,sub 0.2 AA,sub —10.08 - AA,sub -
' 25 < pPASU < 30 Gev 35 < pAASW < 40 Gev 45 < pASt ¢ 50 Gev
RHIC, 0-10% central 3 oo K o P © P ¢
£ 0.15 Ho.06 -
ly|<1, R=0.4 % 0.15 .
3 o1 0.1 —0.04 .
© . -
Doughnut(R,3R) range z
S 005 _lo.0s H0.02 |- .
0 | 0 | L 0 | L |
20 40 60 0 20 40 60 0 20 40 60
0.5 T I T I 0.3 I T I 0.25 I T I T o.l I T I
CIA(filt) CIA(ilt)_ CIA(filt) CIA(ilt)
0.4 AAstb = AAsub 0.2 AAstb ~0.08 | Aasub
15 < ppstP < 20 Gev 25 < ppstP < 30 Gev 35 < pf*sUP < 40 Gev 45 < ppAstP < 50 Gev
0.2 .
0.3 . 0.15 | —~0.06 |- .
0.15 -
0.2 1 . 01 | Ho0.04 |- .
0.1 .
0.1 f- ~ .05 L Jo.0s |- ﬂ ~0.02 - -
o | O 1 | | 1 O iu ™ | 1 1 o | | 1 m]
0 20 40 60 20 40 60 0 20 40 60 0 20 40 60
pt- [GeV] Pt [GeV] P [GeV] pt” [GeV]
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Fakes — origin (LHC)

s HYDJET: HYDRO + many semi-hard pp event
» take each of the of the full (subtracted) jets

s find the corresponding semi-hard pp jet

0.07 T I LI B B | I LI I B | I T 0.07 T I LI I B | I LI B B | I T 0.07 T I LI I B | I LI B B ) I T
0.06 70 < p*** < 80 GeV_| ) o6 100 < pfA**° < 110 GeV_{ § o5 130 < pi***? < 150 GeV |
".: anti-k anti-k, anti-k
LHC, 0-10% central 3 -10.05 —10.05 [~ .
a - —-0.04 -
lyl<1, R=0.4 %y
k) - Ho.03 | .
3
Doughnut(R,3R) range z - —0.02 - -
- - oo1 | -
) Loy e | 0 1 i PR
50 100 150 200 50 100 150 200 O 50 100 150
0.07 LI I B | I LI B B | I LI I B | I LI | T 0.07 T I LI B B | I LI I B | I LI B B ) 0.07 T I LI I B | I LI B B | I T 0.07 LI I B | I LI I B | I LI B B ) I LI B B )
0.06 50 < p*? < 60 GeV_| ) o6 70<pth<80GeV_ g os L 100 <pfA <110 Gev | gg 130 <pfA*P <150Gev ]
o CIA(filt CIA(filt CIA(filt CIA(filt
o 0.05 [ (f)_| 0.05 (f)_| 0.05 (fi) | 0.05 - (fit)
O
5 004 —0.04 —0.04 -o.04 |-
»
S 003 —0.03 —0.03 -o.03 |-
> 002 ~0.02 ~0.02 ~Ho.02 |-
~ o001 -o.01 -o.01 -oo1 |-
O Ll 1l Ll L L I L O 1 I Ll 1l I 'l I Ll 1l O 1 - 1 L 1 L o -|-l 11l I L
0 50 100 150 200 50 100 150 200 50 100 150 200 O 50
pfP [GeV] pfP [GeV] pfP [GeV]
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Fakes — dijet case (RHIC)

» Take the 2 hardest jets in a HYDJET event

s split into same-side and opposite-side
» data-driven estimate of “fakes”

[EY
O
o
[EY
O
o

|
opposite side ]
same side &
total

|
opposite side ]
same side &
total

[EEY

o
-
I

B

o
-
I

[EY

S
N
I

[EY

S
N
I

RHIC, 0-10%, |y|<1
Doughnut(R,3R)
CIA(filt), R=0.4 ]

RHIC, 0-10%, |y|<1
Doughnut(R,3R)
anti-k,, R=0.4 ]

[EE

S
w
I

[EE

S
w
I

A
I
\
A
I

'
4]
T

2N dN/HES S [Gev™]
[N
) (@]
al
——r

2N dN/HES S [Gev™]
[N
o
|

100 F . 100 F .
10° F . 100 F -
107 F . 107 F .
108 108
0 10 20 30 40 50 60 0 10 20 30 40 50 60
3 HEP " [Gev] 3 HEP " [Gev]
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Fakes — dijet case (LHC)

s Take the 2 hardest jets iIn a HYDJET event
s split into same-side and opposite-side
s data-driven estimate of “fakes”

101 | | — 10" | | —
opposite side opposite side
2 [ same side h 2 [ same side
o 10 total o 10 total
> i > i
@ 3 @ 3
O 107 F LHC, 0-10%, |y|<1 7 O 107 F LHC, 0-10%, |y|<1 7
o o
<¢,E,_N 10 i Doughnut(R,SR) _ <¢,E,_N 10 i Doughhut(R,SR) _
< anti-k;, R=0.4 < C/A(filt), R=0.4 -
Z a5 1 Z a5 1
5 107 F 5 107 F
< <
~ 10° F ~ 10° F
10-7 ] ] s 10-7 ] ] A
0 50 100 150 200 0 50 100 150 200
1 ,AA,;sub 1 ,,AAsub
7 Hio " [GeV] > Hi " [GeV]
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Backup slides



Efficiency

| | | | |
RHIC, unquenched lyl<1, R=0.4
> —— —
£ 098 F " == — -
—— ——
O
© 0.96 F—+— _
(@]
c
= .
i) 0.94 i
© —
e kt —_—
0.92 |- Cih e 4
) anti-k;, —e—
0-10% central CIA(filt)
0.9 ] ] ] ] ] ]
10 15 20 25 30 35 40 45 50

pt,hard [GeV]

matching efficiency

0.995

0.99

0.985

0.98

— T T | ' :
LHC, unquenched ly|<2.4, R=0.4
ettt
— e i
—i—++
—
=I=_’_
kt —_—
| C/@ e
S anti-k;, —e—
| 0—10(V|o central |C IA(filt)
40 60 100 200 500

pt,hard [Ge\/]
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Centrality dependence: LHC

[Ap,JGeV] ApdGeV]

Ap,GeV]

[Ap,GeV]

| |
uenched 0-10% —+—

|
RHIC, ung 10205
= _ - 0 —¥— —
I lyl<1, R=0.4 20-40% —e— |
anti-k,, Doughnut(R,3R) 40-75% ——
] ] ] ] ] ] ]
10 15 20 25 30 35 40 45 50
| | | | | | |
| anti-k;, Strip(2R), excl.2 |

15

20

25 30 35 40 45 50

| | | |
C/A(filt), Doughnut(R,3R) i

] ] ] ] ] ] ]

10 15 20 25 30 35 40 45 50
| | | | | | |

| C/A(filt), Strip(2R), excl.2 _
] ] ] ] ] ] ]

10 15 20 25 30 35 40 45 50

pt,hard [GeV]

[Ap,dGeV] [Ap,JGeV] ApdGeV]

[Ap,GeV]

-2 | anti-k;, DoughnuIt(R,3R)

; | : :
2 LHC, unquenched 18%82? —
— = O ——
1 Iyi<t, R=0.4 20-40% —e—
40-75%
0 .........................................
-1

4060 100 200
T T z z

-2 - Ialnltil-tq, Strip(ZR)I, excl.2 . . -

4060 100 200
1 T T z z
o T <
-1
2 r F.’.A.(T”t)' Doughnlut(R,BR) . .

4060 100 200
1 [T T z z ]
o T
1
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4060 100 200
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Quenching effects - RHIC

Ap,LGeV]

| | | | | | |
| RHIC, 0-10% central Ky —+— i
C/IA ——
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Quenching effects - LHC
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